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ABSTRACT. 1In this paper the results of investigation of the emission and absorption
speetra of the rarc carth ions like La** ", Cet**, etc,, in crystals are given. An attempt has heen
made to correlate their absorption and emission spectra with special reference to Ce*** jons.

It has been observed that the La'** jons in crystals do not fluoresce. The emission
spectra due to Ce*t* jons in the chloride and the sulphate crystals consist of two discrete
hands.  The positions of the bauds arce slightly dilferent in the two salts but they occupy almost
the same positions whether the salls investigated are hydrated or dehydrated. I'he spectra due
to Cel?y consist of three such cmission bands ; further on excitation with high frequency a weak
luminescence appears ou the long wave-side of the bands.

The strong and discretc emission bands have heen  supposed {o be due to the true fluores-
cence of the Cet*+ jons.  In conformity with the explanation of the absorption spectra due o
Ce*** jons by Bose and the writer, the origin of these emission bands has been ascribod to the
transitions §D—>4F in Ce*** jons, The two bands in the chloride and the sulphate and the

two lower f(requency bands in the fluoride arisc from the transitions 52D, Iy —>4'F, I 7/
p: D

¥

while the third band in CcTy is due to 521)‘/ -471",,/0 It has been shown that there is a
3y ;

corrclation between the frequency of the emission bands and the corresponding  absorption

frequencies. The absence of the third hand in the other two crystals has been discussed.

The origin of the weak luminescence is not clearly understood. Tt has heen suggested
that it is due to an excitation of the I jon by a collision of the sccond kind, with the excited
g s . o
Ce*'* ions, the process resembling somewhat a case of sensitized fluorescence.

INTRODUCTION

In a previous paper ¥ the fluorescence spectra of a few rare earth ions, viz.,
Hr ' . ) . . .
La™*, Ce***, Pr*'* and Nd*** in solution were investigated by the writer,

Zeit fir Phys., 109, s 573 (1938).
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It was obscrved that in solution all the jons give rise to a common diffuse hand in
cmission, while in Pr' ' and Nd' "' jons there are respectively two and three
additional dilfuse bands.  For the emission of the common  fluorescence  band hy
the four rare carth ions in solution, the following mechanism was proposed. The
cuission centres were assumed 1o he the metal complex (Me*** nHg0), in which
the H ,0) groups arc polarised in the field of the Mc¢''' 1on.  Liven in the case of
(La'"* nl1,0), which has uo electron in the 4f shell, the solution shows finite
continuous absorption in the ultra-violet; the absorption of radiation is supposed
to he by the complex as a whole leading to an excitation of the polarised H,()
group and re-cmitted as fluorescence radiation.  ‘I'his fluorescence is similar in
mechanism to that shown by uranyl groups [U )2]"".  The fluorescence radia-
tion emitted by the solutions containing Ce™**, Pr**' and Nd*** are much
stronger than that by the La solution. ‘I'his can be interpreted in the following
way.  In the case of (Ce''' nHy0), for example, besides the continuous absorp-
tion by the complex as a whole  there are discontinuous absorption bands due to
the absorption by the Ce''"*ions  (41°—>5D). ‘I'he corresponding ion is in a
metastable excited state, and before it comes back to its ground state by the emis-
sion of radiation, it can transfer its energy by collision  with other hydrated ions.
These latter Decome  excited and emit cnergy by 1e-cmission, with a frequency
equal to that given by the lanthanum  complex. 1f vy represents the frequency
associated with  this trunsition; the presence of the additional bands was ex-
plained as having  frequencies (v +vy) where vy represents onc or other of the
characteristic frequencies of the Me*** jon.

Later on, the fluorescence spectra of the same ions were investigated using
crystals having diflerent anions, both in the hydrated and in the anhydrous state.
Tt was noticed that the width of the emission bands was much reduced ; further
the spectra of tine different crystals having the same cations were found to be
different.  But no perceptible change could be found hetween the cimission spectra
of the same crystal when hydrated or in the dchydrated state.  ‘I'he purpose of
thie present paper is to study the correlations between the emission and absorption
spectra of these ions in crystals and to attempt an explanation of the origin of the
cinission spectra in crystals with special reference to Ce''' ion.  But hefore we
proceed to discuss the absorption and emission spectra of Ce***"cte. jons, let us
give a bricf résumé of the previous knowledge of the fluorescence spectra of the
rarc carth crystals.

PREVIOUS KNOWLEDGE OF THE FLUORESCENCE
SPECTRA OF THE RIARE EARTHS

The true fluorescence of the rare earth ions was first observed by Tomaschek
and Deutschbein' m pure hydrated crystals of Sm, Eu, 1'band Dy. The spectra
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consist of groups of more or less sharp and diffuse lmes in the visible region,
which increased in sharpness on lowering the temperature of the erystals.  Later
on, Gobrecht? extended the investigations to the infra-red side and by considering
the complete set of emission data was able to obtain some correlation hetween the

ciuission and the absorption spectra of the respective ions.

In the rare earth ions the different combinations of the - and s-vectors of the
1/ ¢lectrons according to the Russell-Saunders coupling give rise to a number of
il-levels,  Of these  the term having the smallest  inner quantum  number cou-
sistent with the highest multiplicity and l-imoment represents the ground state for
the members in the frst half of the serics; for the latter hall which have inverted
terms the ground term will have the corresponding  highest j-value.  In the
process of absorption the f-electrons are excited from the ground state to the
upper states allowed by 1the sclection principle.  In the erystals on account of
the strong crystalline clectric ficld the quuadrupole radiation is also possible so
that the selection rules wiil he duc to both the dipole and the quadrupole
radiation. Further in the strong inhomogencous clectiic field each of the said
4/-levels is perturbed and their degencracy is partly removed ; so instcad of a
single line a group of lines arises out of cach of those transitious.

In cmission,® on the othier hand, the final state will he generally the ground
state or some other state in its neighbourhood while the initiul state may  he  the
upper ones allowed by the selection rules. It is generally {found that the transi-
tions ending in the ground state give rise to the strong components in the
cuission spectra.  (iobrecht has shown that for the four ious investigated there is
an agreement between the number of strong emission groups and the multiplicity
of the ground term. ‘I'his is shown in table . ITe also showed that the overall
splitting of the ground term obtained from the emission spectra leads to a - correct
value of the screening constant for the four 1ons investipated.  Tomaschek  and
Mehnert * recentiy observed the sharp fluorescence spectra in Gd* ™' jons  using
hydrated sulphate crystals. It comsists of onc group of principal emission lines
in the ultra-violet, which coincides in position with the group of absorption lines
of lowest frequency due to the same jon. In Gd''* ion having an "S-term for
its ground statc only one group of cmission lines is to be anticipated. It is thus
clear that the fluorescence spectra observed in these five jons are explicable on
the usual theory of emission spectra of such ions. But it is not understood, so
fa1, why the sharp emission spectra are observed only in thesc [ive rare carth ions,
while the absorption spectra of a similar nature are known to e present in all the
members of the scries excepting only Ce*** and Yb"'".

* The mechanism of emission will be discussed uore fully Jater on in the paper.
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Figure 1.
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Microphotometric records of fluorescence spectra.

(a) CeCl, soln.—one band with 1ts centre at 28,220cm-"!
(b) CeCl, crystals—two bands at 26,838 : 29,631 cm-"

(¢) Ceu(SO,); crystals two bands at 29,655 ; 32,400cm-’
(d) CeF; crystals— three bands at 29.655 ; 32,450 ; 36,095cm-"!
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FLUORESCENCE SPECTRA OF TIHE RARE FEARTII IONS
INVESTIGATED

The fluorescence spectra of the first four ions of the rare carth series, viz.,
La'**, Ce'**, Pr*** and Nd*** were investigated using hydrated and dehydrated
crystals.  The fluorescence was  observed  using  monochromatic  exciting
radiations A detailed account of thie method of experimental investigation is
piven in a previous paper by the writer.* It was found that La*** ions in
crystals do not fluoresce. In Ce"*" ions, on the other hand, interesting results
were obtained; both the position and the number of the bands were found to
vary with the diflerent anions used. The results arc given in table 11, The
investigations with Pr*'* and Nd'*" ion are now heing repeated with extra
purc samples but no evidence of any fluorescence has heen obtained in the near
ultra-violet.*

T'asLg 11

Fluorescence bands of Ce*™* ions in dillerent hydrated and anhydrous crystals

1'luorescenc radiation A.U.

lixciting radiation A.U. - T - T
Chloride (anhydrous). | Sulphate (hydrated I'luoride.
and anhydrous).

(@) 2750 3900—3200 1.3440 = 3305 1.3440—=3305
2.3205 2940 2.3206 =2070
(b) 2550 " 1.3440 = 3305 1.3440= 3305
2.3208 = 2090 2.3205 =~ 2970

3.2800—2740

4085 =3410

(¢) 2300 ) 1.3440= 3305 1.3440—3305
2.3205= 2990 2.3200 = 2970

3.2800— 2740

4085=3440

(d) 2100 , 1.3440— 3305 1.3440 3305
, 2.3205= 2990 2.3200=—2970
3.2800~2740

* The investigation is nmow being carried on with Fluorite Spectrograph and Ilford’s
()-plates.
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La'""ions in solution fluorcsce but not when they form part of a crystal.
The continuous absorption and the fluorescence emission in the solution is by
the mctallic complex La''' 2Hy0. In the crystal, on the other hand, the
absorption of radiation is by the lattice as a whole, and this is dissipated in the
form of lattice oscillation. In order to understand the origin of the emission
spectra due to Ce''' jons in the different crystals it seemed necessary to investi-
gate the absorption spectra of the respective crystals.

ON TIHE ARSORPTION SPLECTRA DUIL TO CE** IONS

The absorption spectra due to Ce'' ' jons were observed by Bose and Datta®
in solution and by I'reed? using hydrated mixed crystals of Ce and La. It was
found that the spcctra consist of broad bands, which do not undergo any
change with the lowering of temperature of the crystals. But the positions
of the hands are altered slightly by changing the anions. ‘Lhesc arc shown in
table ITI,

TapLe IIT

(Absorption spectra of Ce'** jons in solution and in crystals)

Position of the bands in AU,
Bands. — T T - o
CeCly soln. Ceg(SO,)3 soln. La(Ce) (g, 6H,0.
(1) (2) (3)
1 2070 2660 3020
IT 2525 2540 2775
m 2380 2400 2455
1V 2225 2230 2300

(1) By Bosc and Datta.b ~
(2) By Roberts and Wallace,8
(3) By lireed.?

In course of the present work, the absorption spectra of Cel* 5 crystals were
investigated. As single crystals of CeF 5 could not he obtained, the investigation
was carried on by the reflection method using extremely thin layér of the salt.
In order to obtain a uniformly thin deposit, a small quantity of the salt was
finely powdcred and then shaken with distilled water in a beaker. After allowing
some time for the heavier particles to settle down, a clean quartz plate was
carefully introduced and kept suspended horizontally inside the water. After a
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long time when the fine particles settled down, the clear water was siphoned
out and the quartz disc was dried up. In this way uniform deposits of varying
thickness werc prepared. The absorption spectra, obtained by using a hydrogen
discharge tube, is shown in plate XI. Tt was found that using cven the
thinest deposit the absorption was of a continuous nature and so no definite
conclusion could be reached. But it was noticed that on diminishing the

thickness of the deposit the long wavelength limit of the continuous absorption
shifts from about 3100A° to 2600A°.

It indicates the existence of a very weak
band in the neighbourhood of 3000A°.

In a recent papef by Bose and the writer ® on the origin colour of
paramagnetic ions in solution, the absorption spectra of Ce*** ions in solution
were explained to be due to the transition 42F 5/ 5‘3DS I2, 3/x InCe'*?
jons 417 is the ground state and 50 is the first virtual state whose average position
in the case of vapour was taken to be at 50,982 em.™! as given by Lang.” In
solution the ground term 4F being screened by the (5s, ) octet shell remains
unaflected, but the virtual (5d) states are strongly perturbed by the influence of
the neighbouring molecules.

-
€,20.6=% T 50,982 cmi
I
50 {€,=18=% — 42,132 »
\
6,22, i 33,282 »
1
[}
[}
]
1
[}
|
[}
1
[}
]
4’.,':54 | o (1]

FICURY 1

The scheme of encrgy levels proposed to explain the absorption spectra is
shown in figure 1. The 5D level is pictured as split up into three sub-levels.
'I'he relative positions of the sub-levels were calculated from the formula given
below,

Av=Ne.Aey . K/,

where Ne=1ionic charge,
Aer =change in the electric quantum number,
K’=a constant for all ions having a particular state.

putting Ne=3, er =0, 1 and 2 and K'=2950 cm.™!
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the average value of the constant for all ions having a D-state. In the process of
absorption the 4F clectron may occupy one or other .of the three 5D levels and
so thiree diffuse bands are expected as shown by the arrows. The agreement
between the observed and the calculated positions is shown in table IV,

TapLy IV

i
Bands. l AALv.). ] »(Cm. ) IC. G.(Cm. )] »(Caled)). Transitions.
" —————— ~“ - | - — - - - -— - - - —
i : !
20~0r ! ; ; S 82 ¢m. ) B y =
1 ! 207 : 33,060 33,600 33,282 cm. 4 502 —)5L)5',2 (.,L ,3{
11 i 2824 i 30,592 \
! |
! 23t0 1 42 17 2,132, r ) e
111 | 238 | 12,004 42,175 42,13 4 </2 —>»sL 3/2 ((l' 1)
Wb ems | 44030
i — 50,082, 4[«5/2 —95”]/2 (cL =0)

In table ITT it is found that the absorption spectra due to Ce*** jons m
liydrated crystals are, morc or less, similar to that found in solution. It may be
supposed, therefore, that the splitting up of the 5D state in these' hydrated
crystals will pe somewhat similar to that taking place in solution. So that
similar encrgy level diagram as shown in figure 1 will account for the absorption
spectra of such crystals, only the value of the constant K’ will be slightly modified
by the ditferent ions present.

ON THLI TMISSION SPECTRA DUE TO CEHY IONS TN
CRYSTALS

The results of investigation on the fluorescence speetra of Ce*'™ jons in
crystal are given in table TTII. It was found that in CeCly crystals the cmission
band occupies the same position as in the corresponding aqueous solution. But
from an examination of the microphotometric record of the spectrum it appeared
to consist of two diffuse Dbands overlapping cach other. In the sulphate crystals
the two bands arc more distinct and they occupy the same position whether
obtained from the hydrated or the dehydrated crystals ; but the position of the
bands in either casc is displaced slightly to the high frequency side as compared
with that of Ces(SO,)s solution. The total width of the two bands is same in
either of the above cases and is ncarly equal to that of the common fluorescence
hand observed in solution. In Cel'y crystals three emission bands were mnoticed,
of which the first two coincide in position with those due to the sulphate crystals.
The third band on the higher frequency side appeared when the exciting frequency
was high and along with this band a weak and difluse luminescence appearcd on
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the longer wavelength side of the principal emission bands. ‘I'lie microphotemetric
records of the emission spectra are shown in plate XI. ‘T'he centres of gravity of
the bands obtained in the different crystals using the highest frequency used, @is.,
48 x10% em.”! nearly are given in table V.

TAsLE V

Centres of gravity of the Fluorescence bands due te Ce*** jons in crystals

Tluorescence bands emitted
Iixciting Trequency.,

Chloride. Sulphate I'luoride.

48 % 103 cm. 7! (1) 26,832 ¢cm "1 (1) 20,655 cm. ! (1) 20,655 cim.™!
(2) 29,021, (2) 32,4900 ,, 12) 32,150,
(3% 36,095

T'he origin of these emission speetra will now be discussed in the light of
{he present theorics of luminescence of solids. In the case of crystals like
those investigated here, there are the following alternative possibilitics, when Tight
of suitable frequency is incident on them, wiz.,

(1) The ultra-violet light may be absorbed by the Ce*'' ions ; («) this
may result in ecmission by the excited Ce''™ ions of the crystals. ‘T'his gives
rise to the true fluorescence ; (b) there may be emission by transfercnce of

i

enerey to the anion or a molecule attached to the Ce ion by a collision of the

sccond kind. ‘This will be somewhat analogous to ‘ sensitized fluorescence.’

(2) Above a certain frequency the anion may begin to compete with the
cation in absorption of radiation. At this stage no further emission levels of
the cation may be excited by increasing the frequency of the exciting radiations

ORIGIN OF THE I'L, UORESCENCIE BANDS

*'*ion the stronger cmission bands

obscrved are cvidently due to the truc [luorescence of the cation. Their origin
is. therefore, due to the possibility 1 (@), where Ce'""ions act as the absorbing
and the emitting centres. In order to specify the different transitions in Ce b,‘ o
‘ons, which may give risc to the respective emission bands, we shall discuss in

In the diffcrent crystals containing Ce

brief the mechanism of fluorescence of solids as it is pictured now-a-days. -

7
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In the interior of a solid, an electron shares the vibration energy of the
lattice and so the energy levels instead of being very sharp and discrete are spread
over a band of encergy. The spreading up of the ecnergy states is also brought
about by the resonance effect between the neighbouriﬁg cations, as they are
much more closer to each other inside a solid than when in the vapour state.
At the ordinary temperature the broadening in some cases increases to such an
extent that there is overlapping of the two successive energy states. In such a case
the Condon curves for the successive states will cither touch or intersect cach other.
It was poiuted out by Mott and Gurney '? that this is an essential condition for
the origin of phosphorescence or fluorescence in solids. In figure 2, let “a ™
represent the Pot. E-curve for the ground state, while “b’and ‘b’ represent lhe‘\\

POT. ENERBY

CONFIG . GO~ ORp

F1GuRrE 2

a —Ground states

b, b'—Successive cxcited states.

same for the two successive excited states. If A be the position of the absorbing
centre when it absorbs, then, according to the Franck-Condon’s principle, it can go
to either B or B/ by absorbing quanta Ab or Ab’ respectively ; for there cannot
be any change in the relative positions of the atomic nuclei during the absorption
of a quantum of radiation. If it goes to B, then, by process of thermal collisions
it will part with vibrational energy and come down to the configuration of lowest
Pot. E asat C. From C an electronic transition to the ground state is possible by
emitting the quantum of radiation represented by CD. ‘T'his is the simplest case
of fluorescence. When it is raised to B’ it will come down in an exactly similar
manner and reach the point P, where the two successive excited states are
supposed to intersect. Thereafter it will either continue its motion along
b’ and reach C’, the point of minimum Pot. E in b’ or it may slip down into b
through the point of intersection and reach the point C. In the latter case, there
will be fluorescence emitting CD as before. Im the former, there will be floures-
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cence if €’ is not beyond the curve “ a ’; but, if the point C’ lies outside the lower
curve, no immediate transition is possible and so it will give rise to
phosphorescence.

In order to understand t!u: emission spectra due to the Ce*** ions in crystals,
we shall suppose that the enmergy bands due to the three sub-levels of
sy, which give rise to the three dtrong absorption bands, overlap each other

mutually as shown in figure 3. Now there is the possibility (a) that the energy
band due to the lowest of these sub-levels may overlap that due to the state
51, or (b) there may be a zone of separation between them.

I'he overlapping between the energy bands due to the successive excited
states is, however, virtual, i.e., it is not to be postulated until the 4f-electron is
excited to one of these states. So the frequencics of the sclective absorption
bands due to Ce*** remain unaffected.  If the incident radiation corresponds to
any onc of the absorption bands due to Ce''* ion, the 4f-electron will be excited
1o onc or other of the upper states. But the excited electron will part with its
ciergy in thermal collisions and gradually come down as has been pictured above.
In case (a) the final level reached by the excited electron in this way will be
the s 7o and then there will be the transition of the electron to the ground

term. In Ce* ' 'ion, the ground term is a doublet given by 42F5/2. 2/2 * As transi-

tions to cither of them is possible from 51)%, two emission bands are to be

expected in this case.

---------------- 1 .. -}aq,930cri’
5Dy | ARRMCENITEDIGCRONI ) 142,004 »
& TEBGARGATACEITSINGEY) 39'592 "
_ oo -
p7 S— 0
FIGURE 3

In case (b), on the other hand, transition is possible from either of the

two states 5D 3 and 5Dg to the ground term. This suggests that altogether there

will be four emission bands here. But as the transition 50%-—> 4F 7 involves a

“bange of two units in ‘ j ’, this is much less probable. So that only three strong
cniission bands are to be anticipated.
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The emission spectra observed in the different crystals will be qualitatively
explained if it is supposcd that in the chloride and sulphate crystals the enegy-
pattern is as in (a) while in CeFy; it is as in (b). It has to be shown now if there
isany quantitative agreement between the positions of the emission bands
obstived and those expected froni their absorption spectra. For this purpose
the cnergy level diagrams for Ce' ' ions as revealed by a study of the emission
spectra of the different salts are given in figures 4, 5 and o,

. 3 -t
5 Daj=5, 29-6X10°Lm
sy end
. 7" 2:8x10°
"2
4F 5 ”

(CHLORIDE CRYSTALS)

Freuri 4

&3, se-voenm’
Ly 5D i 3
50 €% 3zaxioen’ ~ =g * I2-5 X107
|
}
! »
]
|
I
1
y 275x10° » 7% i 2-8x10"»
4F ;‘ " 4 7 "
72 (4

(SULPHATE CRYSTALS) (FLUORIDE CRYSTALS)

I'IGURE 5 Ficurg 6

It is to he noted that in all the three figures the interval hetween the compo-
nents of the ground term 4°F of Ce'** is nearly the same, viz., 2,800 em.™'  Also
it is in fair apreement with the calculated value Avz=2,500 cmn.”! taking the usual
value of the screening  constant, viz.,, o==34. As regards the position of the
virtual states, it is found {from figures 5 and 6 that in the sulphate and fluoride the
state 5D5 /2 occupics almost the same position as is found in the ease of absorption

shown in figure 1. In chloride, the above energy level is slightly depressed. ‘The
position of the state 5D.,,, which is cficctive only in fluoride, could not be so

correlated as  the corresponding absorption  spectra did not reveal any
structure.

ORIGIN OF THE WEREAK LUMINESCENCE

The origin of the weak luminescence (observed in CeFj3) on the lower
frequency side of the principal bands is not clearly understood. It appeared
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when the exciting frequency was above 4o x10% em.™! and gradually gained in
intensity with the increase of the frequency of excitation.  As in the sulphate
and chloride crystals no such emission was obscrved even when excited with the
high frequencies, it scems that Ce™ ™' ions alone are not responsible [or its produc-
tion. ‘That is, the origin of this Iuminescence is not due to the process 1(a).  Iet
us see if it mnay be due to the process 1(b) mentioned above. In that case one
has to postulate that the ultra-violet radiation is first absorbed by Ce'" * jons and,
when in the metastable state, they trausfer their encergy to the anions by collisions
of 1lie second kind, and the latter give rise to the luminescence. The process
s then somewhat analogous to ¢ sensitized fluorescence "and 1t requires that the
anjon must possess cxciled states helow the mctastable state in question of the
cution. But it is known that in LiT* or in Cal’, the ultra-violet radiation up to
4 much higher frequency is transmitted undiminished.  Since, however, the Timit
of absorption in Cal®y (1100A ), is to the Jonger wave-length side of (1050A°) that
in Lil, it may be (still more shifted to the longer wave-length side) in CeFg,
where the polarisation of I*~ will be still greater on account of the triply charged
cations ; further, on account of the presence of defect places in the lattice,
absorption may cnsue at a still lower frequency.

On this hypothesis, however, onc has to explain why such luminescence is
absent in the chloride or the sulphate. It is well known that for either of the
anions C17 and SO,77, the continuous absorption begins at a lower wave-length
than in F~.  And, on account of the continuous absorption by the anions cnsuing
at much lower frequency, the requisite energy for sensitized fluorescence is not
available to the cation. Turther, the frequency of the transitions possible in these
anions, in casc of excitation, may not be within the speetral region investigated
and thus may have escaped observation.

In conclusion the writer desires to express his grateful thanks to Prof.
D. M. Bose¢, Ph.1., for his kind interest and helpful suggestions, and to IProf.
M. N. Saha, D.Sc., F.R.8,, for his kind encouragement during the progress of
the work.
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